The nonchromosomal stripe 2 (NCS2) mutant of maize (Zea mays L.) has a DNA rearrangement in the mitochondrial genome that segregates with the abnormal growth phenotype. Yet, the NCS2 characteristic phenotype includes striped sectors of palegreen tissue on the leaves. This suggests a chloroplast abnormality. To characterize the chloroplasts present in the mutant sectors, we examined the chloroplast structure by electron microscopy, chloroplast function by radiolabeled carbon dioxide fixation and fluorescence induction kinetics, and thylakoid protein composition by polyacrylamide gel electrophoresis. The data from these analyses suggest abnormal or prematurely arrested chloroplast development. Deleterious effects of the NCS2 mutant mitochondria upon the cells of the leaf include structural and functional alterations in the both the bundle sheath and mesophyll chloroplasts. and was absent in the mtDNA from those plants that displayed a normal phenotype (16; and our unpublished data). DNA probes corresponding to the rearranged region of the mitochondrial genome identified aberrant transcripts in the mutant, compared with the mtRNAs of the progenitor (cms-T) and normal derivative plants (6). Other mitochondrial genes and their transcripts were unaffected in the NCS2 plants. The synthesis of a single polypeptide was also specifically reduced in the NCS2 mitochondria (6). Preliminary data suggest that the NCS2 mutation is in the mitochondrial gene for subunit 4 of NADH dehydrogenase (complex I) (our unpublished data). Thus, the molecular data implicate the mitochondrion as the actual site of the NCS2 lesion.
A number of maternally inherited mutations affecting growth and development of maize (Zea mays L.) plants and kernels have been reported. One class, designated NCS3, results from specific rearrangements in mtDNA (17) . Plants with NCS mutant mitochondria appear to survive only when normal mitochondria are also present. During development of the plant, mutant and normal mitochondria segregate somatically, resulting in sectors ofdefective and normal tissue. Progeny resulting from crosses with NCS maternal plants inherit a varying number of defective mitochondria. Indeed, some of the resulting progeny are phenotypically normal and no longer transmit the mutation. Molecular data indicate that these plants, called normal derivatives (nd), no longer carry the mitochondrial mutation (16) .
The observed NCS phenotypes differ among members of this class of mutants depending on the specific mitochondrial mutation. For example, NCS5 and NCS6, two independent mutations that are correlated with separate rearrangements in Supported by grant DCB885827 from the National Science Foundation and gift funds from Pioneer Hi-Bred Int. to (10, 18) . Another mitochondrial mutation, NCS2, is associated with a distinctly different phenotype. Although the plants are also variably reduced in height and vigor and the developing kernels are also aborted in sectors on ears of NCS2 plants, the leaf stripes are pale-green in color rather than yellow (4, 16) . The NCS phenotypes are consistent with the interpretation that these mutations limit the growth of leaf tissues, but are lethal during kernel development.
In earlier studies, we reported an absolute correlation between the presence of a novel mtDNA restriction endonuclease fragment and the expression of the NCS2 mutant phenotype (16) . We have now analyzed mtDNA samples from over 100 individual ear shoots, representing five generations of NCS2 and NCS2 normal derivative plants, and without exception the novel restriction fragment was present in the mtDNA from those plants that displayed the NCS2 phenotype and was absent in the mtDNA from those plants that displayed a normal phenotype (16; and our unpublished data). DNA probes corresponding to the rearranged region of the mitochondrial genome identified aberrant transcripts in the mutant, compared with the mtRNAs of the progenitor (cms-T) and normal derivative plants (6) . Other mitochondrial genes and their transcripts were unaffected in the NCS2 plants. The synthesis of a single polypeptide was also specifically reduced in the NCS2 mitochondria (6) . Preliminary data suggest that the NCS2 mutation is in the mitochondrial gene for subunit 4 of NADH dehydrogenase (complex I) (our unpublished data). Thus, the molecular data implicate the mitochondrion as the actual site of the NCS2 lesion.
Although NCS2 plants have pale-green sectors on their leaves, there is no evidence for a chloroplast DNA mutation in addition to the mutation in the mitochondrial DNA. Both molecular and phenotypic considerations have contributed to this conclusion. In NCS2 plants, the kernels abort whereas plants that have mutations affecting chloroplasts generally have full-sized kernels (EH Coe, personal communication). Additionally, by restriction endonuclease fragment analysis, no chloroplast DNA alterations have been detected in NCS2 plants, compared with normal derivatives (16) . Of course, point mutations in the chloroplast genome would go undetected by this method of analysis and therefore provide no molecular marker for genetic studies. However, it is highly improbable that the well-established genetic correlation of a specific mitochondrial DNA alteration with the NCS2 phe-notype would also include a specific chloroplast alteration. This is unlikely because (21) and poststained with lead citrate (20) . Stained sections were viewed on a Siemens 101 electron microscope.
CO2 Fixation Experiments
Greenhouse grown NCS2 and normal control (NCS2-nd) plants (in a A619 nuclear background) were taken into the laboratory where portions of attached leaves were placed in a sealed illuminated cuvette and exposed to 10 Ci of 14CO2 for 1 min as previously described (11) . Leaves were preequilibrated at 37.0 Pa CO2 in a cuvette illuminated with a tungsten halogen lamp providing 850 zmol photons m-2 s-I PPFD at the leaf surface. The light source was filtered through 4 cm of water to reduce heatload; the temperature during labeling was 27.6°C. After the cuvette was purged with air, the labeled leaf section was rapidly excised, split at the midrib (so that it would lay flat) and quickly frozen between two aluminum plates prechilled in liquid N2. Kodak RP x-ray film placed directly on the frozen leaf section was developed after 15 d at -80°C. The two youngest fully expanded, mature leaves on plants were used in this study.
Chi Fluorescence Induction Kinetics
The Chl fluorescence induction kinetics of excised leaves of field grown NCS2 and NCS2-nd plants (A619 nuclear background) were determined as described previously (14, 15) . Again, the youngest fully expanded mature leaves were chosen for analysis. Leaf sections 1.5 cm by 4 cm from adjacent green or pale-green sectors were excised and dark adapted for 2 min. The upper leaf surface was exposed to actinic light with a peak illumination of 450 nm. Fluorescent light was measured 450 to the leaf surface by a photodiode preceded by a red interference filter passing 683 to 695 nm light. The fluorescence signal was recorded on a fast response chart recorder (14) . Experiments were repeated with NCS2 and NCS2-nd plants in both A619 and B73 nuclear backgrounds from the 1987, 1988, and 1989 growing seasons.
Thylakoid Membrane Isolation
Sectors of green, pale-green, or very pale-green tissue from excised NCS2 leaves were pooled for isolation of thylakoid membranes as described previously (12) . As before, the two youngest, fully expanded mature leaves were selected. Leaf tissue was ground in 30 mm Tricine (pH 7.8), 1 mM EDTA, 1 mM MgCl2, 1 mm MnCl2, 330 mM Sucrose, and 5 mM DTT at 4°C and filtered through both cheesecloth and Miracloth. After centrifugation at 5000g for 10 min, the thylakoid membrane pellet was resuspended in 10 mm Tricine (pH 7.8), 10 mM NaCl with a glass homogenizer. Three cycles of centrifugation and resuspension produced "washed" thylakoid membranes.
PAGE of Thylakoid Proteins
Chl content of the thylakoid protein samples was determined (1) so that protein samples could be standardized on the basis of Chl content. Protein samples of equal Chl concentration were solubilized for LDS-PAGE analysis (5) .
To examine Chl-protein complexes, samples containing 100,g of Chl in 500 ,uL were solubilized in 1% dodecyl-fl-Dmaltoside and LDS at a detergent to Chl ratio of 20 to 1 (weight/weight). The insoluble fraction was removed by centrifugation, glycerol added to 5%, and 15 ,ug Chl equivalents of each protein sample was loaded onto linear gradient gels of 10 to 15% polyacrylamide as previously described (3, 7) . LDS and EDTA were added to the upper reservoir buffer to a final concentration of 0.1% and 1 mM, respectively. Gels were run at 1. on linear gradient gels of 10 to 20% polyacrylamide as previously described (3, 5, 7) . Two sets of samples each containing 7.5 ,ug Chl equivalents were prepared; one set was heated at 65°C for 10 min before loading onto the gel. The gel was stained with Coomassie blue and photographed.
RESULTS

Ultrastructural Analyses of NCS2 Mutant Sectors
To determine if chloroplasts were structurally altered, young leaf tissues from 6-week old, field-grown NCS2 and related normal plants were simultaneously harvested and processed for electron microscopic analysis. A section of normal green tissue showing portions of both bundle sheath and mesophyll cells is shown in Figure IA . The cristae are prominent in the mitochondria of the bundle sheath cell. The bundle sheath chloroplasts contain multiple large starch granules. The mesophyll chloroplasts show the expected grana stacking. In contrast, electron micrographs of tissue from a pale-green sector of an NCS2 leaf (Fig. IB) show that both mitochondria and chloroplasts appear abnormal. NCS2 mutant mitochondria have very reduced cristae compared with normal mitochondria. The bundle sheath chloroplasts from mutant sectors have reduced amounts of thylakoid membranes and starch granules are absent (Fig. IC) . However, several osmiophilic particles are present in the chloroplasts of the pale-green, NCS2 leaf sector (Fig. 1, B from the plant and quick frozen for autoradiography. Diffusion porometry measurements indicated that there were no reproducible differences in the transpiration rates between control leaves and the fully green or pale-green NCS2 leaves (data not shown). Thus, the differences observed on the autoradiographs are probably a result of the differences in the efficiency Of CO2 fixation and not differences in CO2 uptake.
An autoradiograph of a control NCS2 normal derivative (NCS2-nd) leaf is shown in Figure 2A . The NCS2-nd plants are the best controls for these analyses because they are derived from nonmutant progeny of heteroplasmic NCS2 plants. The 2B) . The sectors on the autoradiograph were perfectly aligned with the sectors on the portion of the leaf that remained attached to the plant (Fig. 3) and with photographs of the leaves just prior to "'CO2 labeling (data not shown).
Fluorescence Induction Kinetics
To determine if the chloroplast light reactions were also altered in NCS2 plants, we examined the fluorescence induction kinetics of leaf tissue from control and NCS2 plants. All leaf sections analyzed were excised from the most distal third of the youngest fully expanded mature leaf. A representative set of fluorescence induction kinetic analyses are graphically displayed in Figure 4 .
A typical fluorescence induction curve for a leaf section from a field grown maize plant is shown in Figure 4A . The F. upon illumination, the Fp, and the semi Fs are indicated.
As in the previous experiments, the control leaf sections were from NCS2-nd plants.
A leaf section from a pale-green sector of an NCS2 leaf had a slightly higher fluorescence peak and reached Fp at almost one-half the rate as the control leaf tissue (compare Fig. 4B with Fig. 4A) . Also, the characteristic decline in fluorescence to Fs was more gradual and much reduced (Fig. 4B ).
The fluorescence induction curves for adjacent leaf sections on a single NCS2 leaf were compared. One leaf section was excised from a fully green sector (Fig. 4C) and the other from a very pale-green sector (Fig. 4D) . This ensured that we were comparing leaf tissue and chloroplasts of the same apparent age. The Fo and Fp values for the fully green NCS2 leaf section were the same as those for the control NCS2-nd leaf section (compare Fig. 4C with Fig. 4A ). However, after Fp was reached, the shape of the curve for the fully green sector showed a slight similarity to that for the pale-green tissue in Figure 4B . The fluorescence decline was more gradual and reduced than that of the control sample in Figure 4A . The adjacent leaf section taken from a very pale-green sector was only 3 mm away from the fully green longitudinal sector, yet it showed very different fluorescence induction kinetics (Fig.  4D) . Although there was no evidence of high fluorescence yield, the rate at which fluorescence reached Fp was much slower. It appears to be an extreme example of the same pattern of curve displayed by the pale-green tissue in Figure  4B . It is primarily the part of the curve that corresponds to processes after PSII-the PSI, electron transport, NADP re- duction, and proton gradient formation steps-that are abnormal in the NCS2 pale-green sectors.
The shape of the fluorescence induction curves for each type of leaf sector were reproducible from leaf to leaf and plant to plant. Leaves from five different NCS2-nd plants and nine different NCS2 plants were examined. The results were independent of nuclear genotype between sets. Although all analyses shown here were conducted on leaftissue ofthe same apparent age, pale green leaf sections excised from the two next youngest, not fully expanded mature leaves, also displayed the NCS2 pattern of fluorescence induction kinetics (data not shown).
Thylakoid Membrane Proteins in NCS2 Mutant Sectors
To further characterize the pleiotropic effect of the NCS2 mutant mitochondria upon the chloroplasts, we analyzed the protein profiles of the two photosystem complexes. In these experiments each leaf was dissected and tissue from fully green, pale-green, or very pale-green tissue was pooled for preparation of thylakoids and subsequent protein extraction. All membrane samples were standardized to Chl content which corrected for the obvious differences in total amount of thylakoid membranes and thus total protein in the palegreen versus fully green sectors. Although the total Chl content was markedly reduced in the pale green sectors, the Chl a/b ratios were identical (data not shown). Again, only the distal half of the youngest fully expanded mature leaves was used.
No significant quantitative or qualitative difference in Chlassociated proteins was detected when the LDS-and dodecylf3-D-maltoside-extracted thylakoid proteins, loaded on a Chl basis, were separated on 10 to 15% acrylamide gels (Fig. 5) . This is apparent not only in the visible, green pigment- associated protein profile of PSI and PSII, but also in the fluorescent, green pigment-associated protein profile of PSII (Fig. 5, left and right panels, respectively) . The protein profile of even the very palest green NCS2 leaf sectors are almost identical to those of fully green NCS2 or NCS2-nd leaf sectors (Fig. 5, compare lane 2 with lanes 1 and 4) .
A gel system that better resolves the PSI complex Chlassociated proteins revealed a difference in the protein profile between fully green and very pale-green tissue. LDS-extracted thylakoid proteins separated on 10% polyacrylamide gels are shown in Figure 6A . There was a reproducible reduction in the quantity of the blue-green CPI protein and the CPA-2/ Because the pale sectoring phenotype is still detectable in NCS2 seedlings grown under very low levels of light, we presume that the alteration in the structure and function of the chloroplasts in mutant sectors is not a result of photodamage. Instead, they have either developed abnormally or arrested at some stage of normal development.
Our data are consistent with the hypothesis that the chloroplasts in the NCS2 sectors have arrested at a late stage of development. Electron micrographs ofthe NCS2 chloroplasts are similar to those oflate-stage developing chloroplasts. Also, analyses of the protein profiles of developing chloroplasts in wheat has shown that CPI, the large mol wt oligomeric CPI complex, and LHCI accumulate more slowly than the PSII complex proteins (2) . This may explain the absence of any PSII abnormality in the NCS2 chloroplasts. However, addi-tional developmental analyses of the chloroplasts within the NCS2 sectors are needed to determine if the aberrant chloroplasts are actually arrested at some stage of development or are the result of abnormal developmental processes.
Other nonchromosomal stripe mutants that have been characterized also have mitochondrial genome rearrangements and defective sectors on their leaves (16) (17) (18) . Because some of the NCS mutants have mutations in different mitochondrial genes (16) (17) (18) it appears that abnormalities in the mitochondria in general can result in deleterious pleiotropic effects upon the chloroplasts. We do not believe that this effect is a direct one, nor do we expect that the chloroplast is the only cellular component affected. The mitochondria may normally provide a source of energy, biosynthetic precursor, or oxidation-reduction equivalents (8, 9) to the developing chloroplast. Alternatively, the defective mitochondria may have altered membrane and transport properties; they may fail to contribute to the ionic and pH balance in the cytoplasm which, in turn, affects the chloroplasts. Further characterization of the NCS class ofmutants may provide some clues to the biochemical and physiological contributions of the mitochondrion to leaf and possibly chloroplast development.
